By comparing 4,344 protein sequences from fission yeast Schizosaccharomyces pombe with all available eukaryotic sequences, we identified those genes that are conserved in S. pombe and nonfungal eukaryotes but are missing or highly diverged in the baker's yeast Saccharomyces cerevisiae. Since the radiation from the common ancestor with S. pombe, S. cerevisiae appears to have lost about 300 genes, and about 300 more genes have diverged by far beyond expectation. The most notable feature of the set of genes lost in S. cerevisiae is the coelimination of functionally connected groups of proteins, such as the signalosome and the spliceosome components. We predict similar coelimination of the components of the posttranscriptional gene-silencing system that includes the recently identified RNA-dependent RNA polymerase. Because one of the functions of posttranscriptional silencing appears to be ''taming'' of retrotransposons, the loss of this system in yeast could have triggered massive retrotransposition, resulting in elimination of introns and subsequent loss of spliceosome components that become dispensable. As the genome database grows, systematic analysis of coordinated gene loss may become a general approach for predicting new components of functional systems or even defining previously unknown functional complexes.
By comparing 4,344 protein sequences from fission yeast Schizosaccharomyces pombe with all available eukaryotic sequences, we identified those genes that are conserved in S. pombe and nonfungal eukaryotes but are missing or highly diverged in the baker's yeast Saccharomyces cerevisiae. Since the radiation from the common ancestor with S. pombe, S. cerevisiae appears to have lost about 300 genes, and about 300 more genes have diverged by far beyond expectation. The most notable feature of the set of genes lost in S. cerevisiae is the coelimination of functionally connected groups of proteins, such as the signalosome and the spliceosome components. We predict similar coelimination of the components of the posttranscriptional gene-silencing system that includes the recently identified RNA-dependent RNA polymerase. Because one of the functions of posttranscriptional silencing appears to be ''taming'' of retrotransposons, the loss of this system in yeast could have triggered massive retrotransposition, resulting in elimination of introns and subsequent loss of spliceosome components that become dispensable. As the genome database grows, systematic analysis of coordinated gene loss may become a general approach for predicting new components of functional systems or even defining previously unknown functional complexes.
A major outcome of the recent advances in comparative genomics is the realization of the major role of horizontal gene transfer and lineage-specific gene loss in the evolution of prokaryotes (1) (2) (3) (4) . These phenomena appear to account largely for the remarkable diversity of the prokaryotic gene repertoires. The likelihood of horizontal gene transfer between eukaryotes, at least multicellular ones, is low because, for a gene to be laterally transferred, it must enter the germ line. In contrast, there is no such restriction for gene loss. The dramatic variation in the number of genes among eukaryotes, in some cases even between rather closely related species-yeast Saccharomyces cerevisiae, for example, has about 6,000 genes compared with at least 8,000-9,000 in multicellular ascomycetes such as Aspergillus (5)-suggests that, along with proliferation of gene families (6) , lineage-specific gene loss could have been important in eukaryotic evolution.
The two yeasts, S. cerevisiae and Schizosaccharomyces pombe, are probably the optimal current choice of genomes to compare with the aim of estimating the number of lost genes. The genome of S. cerevisiae, arguably the best-studied eukaryote in terms of gene functions (6) , has been completed (7), and for S. pombe, up to 70% of the genome sequence is available. For estimating gene loss, it is critical to have assurance that (nearly) all genes in the analyzed genome have been identified; S. cerevisiae is the only eukaryotic genome for which such confidence exists, particularly because of the paucity of introns, which facilitates gene detection. The two yeast species are close enough so that direct counterparts among their genes [orthologs (8) ] are readily identifiable but distant enough so that differences among their gene repertoires are substantial. By comparing 4,344 available protein sequences from fission yeast S. pombe with all eukaryotic sequences, we identified those genes that are conserved in S. pombe and nonfungal eukaryotes but are missing or highly diverged in the baker's yeast S. cerevisiae. We describe patterns of coelimination of functionally linked genes that can be used for predicting new components of known complexes and pathways as well as new functional systems.
Materials and Methods
The database searches and other sequence manipulations were carried out by using programs of the SEALS package (9) . Searches of the Nonredundant protein sequence database at the National Center for Biotechnology Information (National Institutes of Health, Bethesda, MD) were performed by using the gapped BLASTP program and, for in-depth analysis, the iterative PSI-BLAST program (10) . Profile searches for protein domains were conducted by using a previously constructed and updated library of positionspecific score matrices (PSSMs; ref. 5 and L.A., unpublished data) generated by using the PSI-BLAST program, which typically was run with the cut-off of E ϭ 0.01 for inclusion of sequences into the PSSM, or by using the SMART tool (11) . Classification of yeast proteins by functional categories was based on previously published data, the results of domain-specific profile searches (6) , and the clusters of orthologous groups of proteins (COGs) database (12) .
The protocol used to identify candidates for gene loss and divergence is outlined in Fig. 1 . The phyletic distribution of the significant database hits (expectation value, E Ͻ 0.001 in a gapped BLAST search) in the nonredundant database for a nonredundant set of 4,344 S. pombe proteins was analyzed by using the TAXCOLLECTOR program of the SEALS package. The initial set of S. pombe proteins that could have been lost or have diverged beyond expectation in S. cerevisiae was compiled of those proteins that registered a statistically significant hit in at least one animal or plant species, but not in S. cerevisiae, and those that hit an animal or plant sequence with an E value at least 10 orders of magnitude lower (more significant) than that of the best hit to a S. cerevisiae sequence. This preliminary detection of possible gene losses was followed with manual evaluation of each candidate, which included PSI-BLAST searches to detect potential diverged counterparts in S. cerevisiae, and phylogenetic analysis for cases when two or more members of a paralogous family were present in S. pombe as opposed to just one member in S. cerevisiae.
Multiple alignments were constructed by using the CLUSTALW program (13) and adjusted manually based on the outputs of PSI-BLAST searches and structural considerations. Distance matrices were constructed from the alignments by using the PROTDIST program of the PHYLIP package, which employs the Dayhoff's PAM 001 matrix for the calculation of evolutionary distances (14) . Phylogenetic trees were generated by using the neighbor-joining method as implemented in the NEIGHBOR program of the PHYLIP package, with 1,000 bootstrap replications used to assess the reliability of each node (14) .
Results

Three Classes of Genes Apparently Lost or Highly Diverged in S.
cerevisiae. Under the protocol shown in Fig. 1 , a nonredundant set of S. pombe protein sequences was compared with the complete protein database, and statistically significant hits to proteins from S. cerevisiae, animals, plants, and other eukaryotes were recorded separately. The majority of S. pombe protein sequences are expected to be significantly more similar to their orthologs from S. cerevisiae compared with those from any species outside fungi, and this is the clear trend observed when the database hits are classified by their taxonomic origin (Fig. 2) . Whenever an anomaly is seen, i.e., a S. pombe protein is more similar to a homolog from another eukaryotic lineage compared with those from S. cerevisiae, there seems to be a potential case of gene loss or rapid divergence in the S. cerevisiae lineage ( Figs. 1 and 2 ). The S. pombe proteins that showed such unexpected behavior (Fig. 2) were subjected to case-by-case validation, which involved iterative database searches and phylogenetic analysis, to identify potential diverged homologs in S. cerevisiae and to clarify the issue of orthology ( Fig. 1 and 
Materials and Methods).
After some of the anomalous hits detected at the first, automatic stage ( Fig. 1) were discarded as inconclusive, the remaining cases were classified into three categories: (i) S. pombe proteins with no detectable homologs in S. cerevisiae; (ii) S. pombe proteins that had paralogs in S. cerevisiae, but no apparent orthologs; and (iii) S. pombe proteins that appeared to have highly diverged orthologs in S. cerevisiae.
The proteins in the first two categories are likely to represent genes that have been present in the common ancestor of animals, plants, and fungi, but have been lost (or have diverged beyond recognition) in the S. cerevisiae lineage. For category (ii), reciprocal database searches with the respective S. cerevisiae proteins as queries indicated the existence of distinct orthologs in S. pombe, different from the proteins that showed anomalous hits. Phylogenetic tree analysis and͞or comparison of domain architectures showed that the latter had no counterparts in S. cerevisiae. In phylogenetic trees, these S. pombe genes typically formed coherent orthologous groups with their counterparts from animals and͞or plants; in contrast, in the sister clusters from the same family of paralogs, the S. cerevisiae and S. pombe proteins grouped together as expected (Fig. 3) . These are potential cases of partial functional redundancy in which S. cerevisiae apparently has lost one or more members of an ancestral paralogous family. Altogether, this analysis, performed by using Ϸ70% of S. pombe genes, suggested that S. cerevisiae had lost at least 200 genes, or about 3% of its gene complement, since its radiation from the common ancestor with S.
pombe, with about the same number of genes having diverged at unexpectedly high rates (Fig. 1 ).
Coelimination and Codivergence of Functionally Linked Genes. Apparent gene loss and divergence in S. cerevisiae cover the entire spectrum of cellular functions, including basic ones, such as translation (Fig. 4) . On excluding the broad classes, such as miscellaneous proteins and metabolic enzymes, it is apparent that a large fraction of the gene loss and a significant amount of divergence are seen in functionally well defined groups of proteins that are involved in nuclear structure maintenance, pre-mRNA splicing, RNA modification, posttranscriptional gene silencing (PTGS), and protein folding͞processing (Fig. 4) .
For most functional groups, only a small fraction of the total number of proteins has been lost. However, several distinct pathways and complexes stand in sharp contrast to this trend, suggesting coelimination of functionally interacting sets of proteins (Table 1) . A clear-cut example is the eIF3͞signalosome complex that participates in multiple protein-protein interactions mediating signaling, translation, and protein degradation (15, 16) . Although the majority of these proteins are conserved in animals, plants, and S. pombe (17) , most of them seem to be missing in S. cerevisiae, indicating that they probably have been lost as a group (Table 1) . This leads to the prediction that the principal signalosome function does not exist in S. cerevisiae. Similarly, the ortholog of the repair protein XP-E is conserved throughout the crown group of eukaryotes, but is missing in S. cerevisiae, along with the Cullin 4A ortholog. Recently, these proteins have been shown to interact physically (18) , which implies a functional interaction and a concomitant loss of the respective genes in the S. cerevisiae lineage. Thus, it appears that examination of the patterns of gene loss, along with a careful analysis of the conserved domains that serve as functional signatures, may help in reconstructing potential functional interactions and perhaps predicting unknown pathways and complexes. A few such cases of potential functional grouping of experimentally uncharacterized proteins are discussed here (Table 1) . 
Prediction of Previously Unknown Functional Interactions Using
Coelimination and Codivergence Patterns. Several known components of the spliceosome that functionally interact in other eukaryotes are missing in S. cerevisiae, and for several others, the S. cerevisiae orthologs are highly diverged, indicating that gene loss and divergence have extensively affected the yeast spliceosome (Table 1) . Thus, proteins that have been lost or diverged in S. cerevisiae and contain domains compatible with a function in splicing are likely to be as yet unidentified spliceosome components. Several such proteins that are conserved in the eukaryotic crown group, but not in S. cerevisiae, and contain RNA-binding domains typically associated with splicing were detected ( Table 1 ). The loss of spliceosomal components in S. cerevisiae correlates with the scarcity of spliceosomal introns (19) . A likely evolutionary scenario involves the elimination of the majority of introns, probably through reverse transcription, followed by the loss of many specialized components of the splicing machinery. Many of the surviving spliceosomal components could have diverged rapidly to adapt to their new milieus.
Correlated loss is observed also among proteins associated with nonspliceosomal RNA-processing events such as poly(A)-tail addition and RNA modification and degradation. Recently, it has been shown that PTGS in plants, animals, and fungi is mediated by an RNA degradation system that includes an RNA-dependent RNA polymerase (RDRP) (20, 21) , nucleases (22, 23) , and a conserved protein of the Argonaute͞eIF2C family (24) . S. cerevisiae has lost both the RDRP, the critical enzyme of this pathway, and the Argonaute family protein that S. pombe shares with multicellular eukaryotes. This raises the possibility of other potential components of this pathway being among the genes lost in S. cerevisiae, and a notable assemblage of such candidates, including predicted helicases and nucleases, has been detected ( Table 1) . Carpel factory, the plant ortholog of the RNA helicase-RNase III protein (Table 1) , has been proposed to negatively regulate f loral meristem proliferation (25) . The present observations suggest that it may function through posttranscriptional gene silencing, in conjunction with the other components of this pathway. Higherorder functional networks with the eIF3 subunits and the translation apparatus also might exist, given that the Argonaute-like proteins are possible translation regulators (eIF2C) (26) . A direct evolutionary connection between the loss of PTGS components and spliceosome components is conceivable because it has been shown that PTGS significantly contributes to the control of transposition (24, 27) . The loss of genes coding for PTGS components in the S. cerevisiae lineage could have induced a burst of retrotransposition (28) , wiping out most of the intron-containing genes and leading to the subsequent deterioration of the spliceosome.
A pattern of coelimination is seen also among proteins involved in chromatin remodeling such as SWI6, CLR4, ASH2, and MLO2 (Fig. 4) . Several other lost proteins can be identified as likely components of chromatin-associated regulatory complexes (Table 1) . Notably, this subset of genes apparently lost by S. cerevisiae includes several methyltransferases, namely, a DNA-cytosine methylase, a predicted Kar4͞Ime4-type DNA-adenine methylase, and two predicted methylases of chromatin proteins from the SET-domain superfamily (Table 1 ; L.A. and E.V.K., unpublished data). It seems likely that these methylases, together with other chromatinassociated proteins that are missing in S. cerevisiae, are involved in chromatin-level gene silencing that could interface, in a fashion yet unknown, with the PTGS. This is consistent with the recent evidence from plants that the RNA-mediated gene silencing could directly affect chromatin-level silencing through methylation of nuclear DNA (29, 30) . Among the genes involved in protein folding and modification, a striking feature is the loss, in S. cerevisiae, of three peptidyl-prolyl isomerases of the cyclophilin family, which have unusual domain architectures (Table 1) . These chaperones could have been coeliminated with other functional complexes whose assembly they might have controlled. In particular, the cyclophilin-RRM protein could be involved in RNA-dependent spliceosome assembly.
Other gene losses with interesting functional implications are seen in DNA repair and replication pathways (Table 1) . These include two proteins of the proliferating cell nuclear antigen͞Pol III␤ fold, Hus1 and Rad9, which are implicated in a damaged-DNA-dependent checkpoint (31, 32) . It can be predicted that this particular checkpoint, that probably has been eliminated in S. cerevisiae, also involves XP-E and possibly some of the nucleases that have been lost in yeast (Table 1) . Animals, S. pombe, plants, and ciliates all share a telomere-binding protein that contains OB-fold domains and interacts with the telomerase (33); this ancient eukaryotic gene has been lost in S. cerevisiae. The S. cerevisiae single-strand DNA-binding protein CDC13p (34) , which has no detectable homologs in other species, appears to be a lineage-specific functional displacement for the ancestral telomerebinding proteins to form a unique telomeric structure. This is consistent with the drastic divergence of the S. cerevisiae telomerase reverse transcriptase subunit ( Table 1) .
Codivergence of functionally linked genes is as noticeable as coelimination (Table 1 ). In addition to the spliceosome components, a codivergent group is composed of proteins involved in initiation of replication, namely, the origin recognition complex (ORC) subunits (35) . This divergence could reflect functional connections between ORC and chromatin components that have been lost or have diverged in yeast ( Table 1) .
Discussion
When extrapolated to the entire S. pombe genome, the above results indicate that at least 300 genes that have been present in the common ancestor of fungi, plants, and animals have been lost and another 300 or so have diverged far beyond expectation in the S. cerevisiae lineage. This estimated loss and divergence of about 10% of the S. cerevisiae gene complement is the lower bound of the extent of these phenomena because the protocol used here does not detect gene losses that occurred before the radiation of the two yeast lineages from their common ancestor. The notion of significant gene loss in fungi is consistent with the fact that microsporidia, probable early members of the fungal clade, possess extremely reduced gene complements (36) .
We employed sequence comparison, using BLAST as a preliminary screen for proteins with anomalous evolutionary behavior, which was followed by a validation step including a search for potential weak similarities and phylogenetic analysis. Scores and E values reported by BLAST are measures of the similarity between protein sequences, and differences between them do not necessarily accurately reflect evolutionary relationships. Nevertheless, the use of such criteria, at least in first-pass, automatic screens, seems to be justified because they have been shown to reveal biologically plausible evolutionary phenomena such as horizontal gene transfer between environmentally associated organisms (2, 4, 37, 38). Coordinated loss and divergence of functionally linked genes described here seems to be another such biologically meaningful and potentially important effect. Using sequence similarity as a criterion, it may be difficult to distinguish between ''real'' gene loss and extreme divergence. Here, we analyzed both phenomena, and we believe that they form a continuum, gene loss being, in many cases, the ultimate case of divergence.
In explaining the observation that S. cerevisiae lacks many genes shared by S. pombe and animals and͞or plants, an alternative to gene loss is a relatively recent acquisition of these genes by S. pombe via lateral transfer. To fully assess this possibility, additional fungal genome sequences are needed. However, we believe that this is a less likely explanation of the results than gene loss for the following reasons: (i) there is no direct evidence of gene transfer from plants or animals to yeasts; yeasts are free-living organisms whose lifestyle does not involve close contacts with plants or animals; (ii) relatively recent horizontal transfer would suggest unusually high sequence conservation between the respective proteins from S. pombe and their plant or animal orthologs; no indication of such close connections was found (L.A. and E.V.K., unpublished data); (iii) given the general lack of spatial clustering of functionally linked genes on eukaryotic chromosomes, the horizontal transfer hypothesis will have difficulty with the acquisition of entire functional systems.
To characterize the general impact of lineage-specific gene loss on evolution of eukaryotes, many more genome-scale comparisons are required. Applying the protocol used here to a preliminary comparison of the protein sets of the fly Drosophila melanogaster and the nematode Caenorhabditis elegans suggested significant gene loss in the nematode (E.V.K. and L.A., unpublished data).
Patterns of gene coelimination and codivergence seem to have some predictive value for identifying functionally and physically interacting protein sets. Furthermore, unknown functional complexes, in principle, could be identified within the large, miscellaneous category of lost and diverged genes (Fig. 4) . Phylogenetic profiles have been proposed recently as a means to predict functional links between proteins that share similar phyletic distribution and evolutionary pattern (39, 40) . The approach described here is conceptually similar but complementary in that it is the absence of a set of genes in an organism that may lead to prediction of new functional connections.
Availability of Complete Results.
A complete, annotated list of S. pombe genes whose orthologs in S. cerevisiae have been lost or highly diverged is available at ftp:͞͞ncbi.nlm.nih.gov͞pub͞koonin͞ GeneLosses.
